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forced to view them as part of an integrated whole. The
question becomes: assuming that compartments can
form de novo, then mature, then disappear, how does
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what mechanisms allow this system to undergo revers-²Department of Biology
ible changes during growth and differentiation? To ex-University of California, San Diego
plore these issues, we will focus our discussion on theLa Jolla, California 92093-0347
Golgi apparatus.
An organelle is a membrane-bounded intracellular struc-
New Evidence for an Old Modelture with a unique molecular composition and function.
The Golgi is typically represented as a series of stableWhere do organelles come from? Most biologists would
compartments, with transport vesicles serving to carrystate that each organelle forms by the growth and divi-
the secretory cargo forward from one compartment tosion of a preexisting organelle of the same type. This
the next. By contrast, early morphologists proposed thatview has dominated cell biology for decades (Palade,
Golgi compartments are transitory structures (Beams1983; Warren and Wickner, 1996). However, recent evi-
and Kessel, 1968). New cisternae appeared to be form-dence suggests that only a subset of the organelles fit
ing at the cis-face of the Golgi stack by the coalescencethis picture, and that a different perspective is needed.
of ER-derived membranes, while cisternae of the trans-The nucleus matches this standard description of an
Golgi network (TGN) appeared to be fragmenting intoorganelle. Certain protein and nucleic acid species are
secretory vesicles. The implication was that cisternaefound exclusively in the nucleus, and the entire contents
move progressively across the stack from the cis- toof the nucleus double and divide with each cell cycle.
the trans-face. Some of the strongest evidence for thisA similar pattern is seen with mitochondria and chloro-
ªcisternal progressionº model came from analyzing cell-plasts (Birky, 1983). This simple paradigm is often ex-
surface scales in algae (Becker and Melkonian, 1996).tended to include all of the organelles in the cell. Many
These scales are large electron-dense glycoconjugatesorganelles consist of multiple compartments, and each
that are synthesized within Golgi stacks. Scales are notcompartment is also viewed as a permanent structure
seen in the vesicles that bud from the rims of Golgiwith a unique composition.
cisternae, and in some species the scales can be moreHowever, the standard view of organelle biogenesis
than 20 times the size of a typical transport vesicle.is being challenged by studies of the endomembrane
These observations suggested that scales are carriedsystem, which comprises the organelles of the exocytic
through the Golgi stack by the cisternae themselves.and endocytic pathways. These organelles exchange
Why were the images of algal scales not taken asmaterial by means of transport vesicles (Rothman and
conclusive evidence for cisternal progression? One al-Wieland, 1996). Such vesicles selectively incorporate a
ternative view is that algae have evolved a unique mech-subset of the proteins and lipids present in a donor
anism for intra-Golgi transport (Farquhar and Palade,compartment, and then deliver their contents by fusing
1981). This explanation seems unlikely, because variouswith an acceptor compartment. As a result, proteins of
animal cells and higher plant cells also transport largethe endomembrane system are rarely localized to a sin-
electron-dense structures through the Golgi stack, andgle compartment (Mellman and Simons, 1992). While
these structures also appear to be excluded from Golgi-this point is widely appreciated, vesicular transport also
associated vesicles (Clermont et al., 1993; Schnepf,has deeper implications (Helenius et al., 1983). For ex-
1993). In some cells the secretory cargoes form aggre-ample, what would happen if vesicles were to fuse not
gates that induce large distensions of the Golgi cisternaewith a preexisting acceptor compartment, but with one
(Mollenhauer and MorreÂ , 1991). Unfortunately, most ofanother? As shown in Figure 1A, the result would be a
these model systems share the problem that the secre-membrane-bounded structure with a unique composi-
tory cargoes are poorly characterized (Schekman andtion (i.e., a new compartment). The properties of this
Mellman, 1997). For instance, it is conceivable that ancompartment could then be modified by subsequent
immature algal scale can disassemble into subunits,vesicular transport events. By producing and/or receiv-
which are carried in transport vesicles to the next cis-ing vesicles, the compartment could undergo composi-
terna and then reassembled. Another problem is thattional changes in a process termed ªmaturationº (Figure
Golgi organization is ambiguous in many cell types.1B). By fragmenting into transport vesicles, the compart-
Thus, one could argue that in an algal Golgi apparatus,ment could simply disappear (Figure 1C).
all of the scale-containing cisternae actually represent
This picture profoundly affects the way we think about
an extended TGN compartment, and that no progressive
the endomembrane system. Some compartments may
transport occurs through this portion of the stack (Mell-
be definable only as intermediates in a continuous pro-
man and Simons, 1992).
cess of transformation (Helenius et al., 1983). Instead
A new paper by Bonfanti et al. (1998 [this issue of
of regarding compartments as separate entities, we are
Cell]) provides the best evidence to date for cisternal
progression. The authors chose to work with collagen-
secreting vertebrate fibroblasts because the biochemis-³ To whom correspondence should be addressed (e-mail: malho
tra@biomail.ucsd.edu). try of collagen synthesis is well understood. Procollagen
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Figure 1. Life Cycle of a Hypothetical Com-
partment of the Endomembrane System
(A) Transport vesicles bud from a parental
compartment, then fuse with one another to
form a new compartment.
(B) The new compartment matures by ex-
porting vesicles containing one set of compo-
nents while receiving vesicles containing a
different set of components.
(C) Finally, the compartment disappears by
fragmenting into transport vesicles.
fibers are stable triple helices about 300 nm long; once as initially believed (Mellman and Simons, 1992; Velasco
et al., 1993; Rabouille et al., 1995; Roth, 1997). Moreover,formed, these fibers almost certainly do not disassem-
ble. Aggregates of procollagen fibers appear as elec- individual Golgi proteins are not immobilized in the cis-
ternae, but they can diffuse rapidly within the plane oftron-dense swellings of the Golgi cisternae (Leblond,
1989). By using a drug that specifically and reversibly the membrane (Cole et al., 1996b) and can also travel
between different portions of the stack (Harris and Wa-inhibits the exit of procollagen from the ER, Bonfanti et
al. (1998) could document that procollagen fibers move ters, 1996; Linstedt et al., 1997). Finally, some morpholo-
gists have continued to insist that cisternal progressionthrough the entire Golgi stack from the cis- to the trans-
face. A careful morphological and immunocytochemical must be occurring, at least in some cell types (Mollen-
hauer and MorreÂ , 1991; Clermont et al., 1993; Becker andanalysis documented that procollagen remains within
Golgi cisternae throughout this transport process. The Melkonian, 1996). With the present study by Bonfanti et
al. (1998), these morphological arguments have becomecombined data argue convincingly that procollagen
transits through the Golgi by cisternal progression. This impossible to ignore.
conclusion is extremely important, because for the past
15±20 years, most Golgi researchers have considered
the cisternal progression idea to be defunct. The Cisternal Maturation Concept
The apparently conflicting results can be accomodated
by a unified model that incorporates both cisternal pro-What about Vesicles?
The cisternal progression model had been discarded gression and vesicular transport. According to this ªcis-
ternal maturationº model, the secretory cargo is carriedfor three main reasons (Farquhar, 1985). First, it failed
to explain why vesicles are associated with the rims forward by cisternal progression, while COPI vesicles
travel in the retrograde direction to recycle residentof Golgi cisternae. Second, whereas secretory cargo
molecules pass through the Golgi stack in minutes, resi- Golgi proteins (Figure 2) (Schnepf, 1993; Bannykh and
Balch, 1997; Mironov et al., 1997; Pelham, 1998). As adent Golgi proteins often have a half-life of many hours.
If the cisternae were simply moving through the stack cisterna progresses through the stack, it matures by
exporting ªearlyº Golgi proteins to younger cisternaein a ªconveyor beltº fashion, Golgi proteins should be
swept out of the organelle at the same rate as the secre- while receiving ªlateº Golgi proteins from older cister-
nae. How does this model account for the polarity oftory cargo. Third, Golgi stacks are polarized, with certain
resident proteins being concentrated in cis-cisternae the Golgi stack? If Golgi proteins compete with one
another for incorporation into COPI vesicles, the strong-and others in medial- or trans-cisternae. It was unclear
how a cisternal progression mechanism could preserve est competitors will be recycled efficiently from cis-cis-
ternae, whereas weaker competitors will only be recy-this polarity. These considerations led to the stable com-
partments model for the Golgi (Dunphy and Rothman, cled efficiently from medial- or trans-cisternae; as a
result, each Golgi protein will be concentrated in the1985; Farquhar, 1985). In this view, different Golgi pro-
teins are anchored in distinct compartments, and secre- part of the stack at which retrograde vesicular transport
of this protein balances cisternal progression (Glick ettory cargo molecules are carried through the stack in
anterograde vesicles. Support for the stable compart- al., 1997). The basis of this postulated competition is
unknown, but it might involve differential partitioning ofments notion came from the groundbreaking work of
Rothman and colleagues, who reconstituted intra-Golgi Golgi proteins into membrane subdomains or differ-
ences in the oligomerization state of Golgi proteins (FuÈ l-transport in a cell-free system and then used this system
to characterize a novel class of transport vesicles (Roth- lekrug and Nilsson, 1998; Munro, 1998).
Although the work of Bonfanti et al. (1998) providesman, 1994). These intra-Golgi transport vesicles contain
a coat protein complex known as COPI; a second coat compelling evidence for cisternal progression, the matu-
ration of individual cisternae has not been directly dem-protein complex, termed COPII, was subsequently iden-
tified on ER-derived transport vesicles (Rothman and onstrated. It may soon be feasible to observe cisternal
maturation in vivo, by labeling an early and a late GolgiWieland, 1996; Kuehn and Schekman, 1997).
But the stable compartments model is now showing marker with distinct spectral variants of the green fluo-
rescent protein (Wooding and Pelham, 1998). A givensigns of strain. For one thing, resident Golgi proteins
are not exclusively localized to specific compartments, cisterna should then change color as it matures. Such an
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Interestingly, Golgi stacks in many cell types are directly
apposed to tER sites (Whaley, 1975; Farquhar and Pa-
lade, 1981), suggesting that the mechanisms that define
the tER will be key to understanding the assembly and
positioning of Golgi structures.
What is the destination of COPII vesicles? The term
ªER-to-Golgi transportº suggests the existence of a sta-
ble, well-defined acceptor compartment. A plausible al-
ternative is that COPII vesicles fuse with one another
(Figure 2), and perhaps also with larger tubules that
pinch off from the tER (Mironov et al., 1997). The result
of this homotypic fusion would be the vesiculo-tubular
clusters (VTCs) that make up the ER-Golgi intermediate
compartment, or ERGIC (Hauri and Schweizer, 1992;
Bannykh and Balch, 1997). COPI vesicles would then
bud from the ERGIC to recycle selected components
back to the ER (Bannykh and Balch, 1997; Lowe and
Kreis, 1998). In vertebrate cells, entire ERGIC clusters
travel along microtubules to the juxtanuclear Golgi re-
gion (Lippincott-Schwartz, 1998). The model shown in
Figure 2 proposes that a new cis-Golgi cisterna forms
when ERGIC clusters fuse with one another while receiv-
ing Golgi proteins from older cisternae. Hence, ªER-to-
Golgi transportº assays, which rely upon the encounter
of the secretory cargo with Golgi proteins (Schwaninger
et al., 1992; Wuestehube and Schekman, 1992), may
actually measure reactions involved in cisternal for-
mation.
As the secretory cargo is carried forward by cisternal
progression, resident Golgi proteins must stay behind
(FuÈ llekrug and Nilsson, 1998; Munro, 1998). It has gener-
Figure 2. Cisternal Maturation Model ally been assumed that Golgi proteins are retained in
COPII vesicles bud from the transitional ER (tER), shed their coats, static cisternae. But according to the maturation model,
and fuse homotypically to generate the ER-Golgi intermediate com-
Golgi proteins are mobile and are localized to the stackpartment (ERGIC). Selected components are retrieved to the ER via
exclusively by COPI vesicle-mediated retrieval. As pre-COPI vesicles. In vertebrate cells, ERGIC clusters then travel along
dicted by this model, Golgi proteins can be packagedmicrotubules to a juxtanuclear region. ERGIC clusters fuse with one
another and receive retrograde COPI vesicles, thereby generating into COPI vesicles (SoÈ nnichsen et al., 1996; Orci et al.,
a new cis-Golgi cisterna. This cisterna progresses through the stack 1997; Love et al., 1998). A second, untested prediction
to the trans-face. Meanwhile, the cisterna matures by the COPI- is that blocking COPI vesicle formation should cause
mediated retrograde transport of Golgi proteins. At the trans-Golgi
resident Golgi proteins to redistribute to later secretorynetwork (TGN) stage, the cisterna produces COPI and clathrin vesi-
compartments.cles while receiving vesicles from later compartments. Ultimately,
The maturation model assumes that COPI vesiclesthe cisterna undergoes terminal maturation to form secretory ves-
icles. mediate retrograde transport. Genetic studies indicated
that COPI vesicles carry material from the Golgi back
to the ER (Letourneur et al., 1994; Gaynor et al., 1998),
experiment will require a method for following individual but crucial questions remain about vesicular traffic
cisternae by time-lapse fluorescence microscopy. within the Golgi. The simplest possibility is that COPI
Assuming that the Golgi does operate by vesicle-medi- vesicles move backward one cisterna at a time. It has
ated cisternal maturation, a host of novel questions been suggested that long coiled-coil proteins tether
arise. To highlight these questions, it is useful to con- COPI vesicles to the Golgi membranes, thereby re-
sider the various compartments of the ER-Golgi system stricting vesicle movement to adjacent cisternae (Orci
in turn and to examine the current state of knowledge et al., 1998; SoÈ nnichsen et al., 1998). An additional mech-
about each of these compartments. anism must exist to confer directionality on COPI vesicle
targeting, particularly in Saccharomyces cerevisiae,
To and through the Golgi which lacks a stacked Golgi (Preuss et al., 1992). Obvi-
According to the maturation model, the first step in Golgi ous candidates for intra-Golgi vesicle targeting mole-
biogenesis is the formation of ER-derived COPII trans- cules are the SNARE proteins (Rothman and Wieland,
port vesicles (Kuehn and Schekman, 1997; Barlowe, 1998). 1996; GoÈ tte and Fischer von Mollard, 1998). Although
These vesicles bud from specific ER regions known as analysis of protein secretion in yeast indicated that intra-
transitional ER (tER) sites or ER exit sites (Palade, 1975; Golgi transport involves a surprisingly limited number
Bannykh and Balch, 1997). Although COPII vesicle for- of SNARE interactions (Pelham, 1998), combinatorial as-
mation is being intensively studied, nothing is known sociations of the SNAREs may boost this number (Weimbs
et al., 1998). This uncertainty leaves open the possibilityabout how vesicle budding is restricted to tER sites.
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that COPI vesicles also travel through the Golgi in the help to modulate Golgi membrane traffic (Reynolds et
al., 1998).anterograde direction, as originally proposed. Certain
secretory proteins appear to be packaged into COPI If Golgi organization is so easily destroyed, can cells
recover by creating entire Golgi stacks de novo fromvesicles (Orci et al., 1997); such proteins might be on a
ªfast trackº that would carry them forward through the the ER? The experimental data regarding this question
are inconclusive (Warren and Wickner, 1996). In cellsGolgi at a rate faster than cisternal progression. This
idea could be tested by rigorously comparing the rates treated with brefeldin A (BFA), Golgi components redis-
tribute to the ER, and when the drug is removed, Golgiat which various secretory cargo molecules transit
through the stack. stacks are rapidly regenerated (Klausner et al., 1992).
However, BFA-treated cells might contain Golgi rem-The final stage of the ER-Golgi system is the TGN.
This compartment serves as a sorting station where nants that nucleate the formation of new stacks. Another
potential example of de novo Golgi formation comescargo molecules are packaged into either secretory ves-
icles, regulated secretory granules, or vesicles destined from studies of nocodazole-treated vertebrate cells. No-
codazole depolymerizes microtubules, thereby causingfor the endosomal/lysosomal/vacuolar system (Mellman
and Simons, 1992). Transport to endosomes and lyso- the juxtanuclear Golgi ribbon to redistribute into individ-
ual stacks spread throughout the cytoplasm (Lippincott-somes/vacuoles involves the budding of clathrin- and
adaptor-containing vesicles from the TGN. Regulated Schwartz, 1998). One interpretation is that the Golgi
ribbon simply breaks apart in nocodazole-treated cellssecretory granules apparently form by a different mech-
anism: large precursor granules pinch off from the TGN, (Shima et al., 1998). However, recent studies raise the
possibility that nocodazole treatment induces the returnthen condense and mature by the vesicle-mediated ex-
port of selected components (Tooze, 1998). It seems of Golgi components to the ER, followed by the genera-
tion of new Golgi stacks at peripheral tER sites (Cole etlikely that a similar process generates secretory vesi-
cles. Such vesicles are often large and pleiomorphic al., 1996a; Storrie et al., 1998). These results are sugges-
tive of de novo assembly of Golgi from the ER, althoughstructures that resemble the swollen portions of Golgi
cisternae (Mollenhauer and MorreÂ , 1991; Lippincott- again it is conceivable that peripheral Golgi stacks arise
from preexisting ªseedsº present at tER sites.Schwartz and Smith, 1997; Rambourg and Clermont,
1997). Formation of secretory vesicles involves reac- Golgi stacks also break down and reform during verte-
brate mitosis. The mechanism of mitotic Golgi reorgani-tions of lipid metabolism (Fang et al., 1998) as well as
novel membrane±cytoskeleton interactions (Kreis et al., zation is controversial (Acharya et al., 1998; Jesch and
Linstedt, 1998; Lowe et al., 1998). It has generally been1997; Stow and Heimann, 1998). According to the matu-
ration model, secretory vesicles are the remnants of thought that Golgi cisternae fragment into vesicles and/
or tubuloreticular elements, which then fuse homotypi-Golgi cisternae that have exported all of the components
not destined for secretion. This concept illustrates how cally to regenerate cisternae (Rabouille and Warren,
1997; Shima et al., 1998). An alternative suggestion isthe underlying model can influence the questions that
are asked. For many years, researchers have sought that Golgi components transiently return to the ER dur-
ing mitosis (Lippincott-Schwartz and Smith, 1997). Con-to identify a coat complex that drives the budding of
secretory vesicles (Stow and Heimann, 1998; Tooze, sistent with this idea, anterograde traffic through the
secretory pathway ceases during vertebrate mitosis1998). The model shown in Figure 2 implies that secre-
tory vesicles form not by budding from a stable TGN (Warren, 1993); if retrograde traffic persists during mito-
sis, Golgi components should return to the ER. Duringcompartment, but rather by the terminal maturation of
TGN cisternae. mitosis in plants and fungi, the secretory pathway con-
tinues to operate, and Golgi structures do not break
down (Warren, 1993; Driouich and Staehelin, 1997).
Golgi Organization and Reorganization Hence, Golgi organization and reorganization seem to
Many different drugs or mutations cause a loss of recog- reflect the patterns of membrane flux through the secre-
nizable Golgi structures (e.g., Takizawa et al., 1993; Guo tory pathway. This view poses a challenge for the bio-
et al., 1994; Wooding and Pelham, 1998). The fragility chemical analysis of Golgi dynamics, because purified
of the Golgi is not surprising in the context of the matura- Golgi structures may not undergo the same transforma-
tion model, because the Golgi is seen as the product of tions as Golgi structures in whole cells.
a dynamic balance between anterograde and retrograde
membrane flow. Any treatment that selectively inhibits
one or the other of these pathways will disrupt Golgi Conclusions
The available evidence suggests the following workingorganization. This perspective has practical implica-
tions. For instance, reagents that block COPII vesicle hypotheses. (1) COPII vesicles fuse to form ERGIC clus-
ters, which fuse in turn to form a new Golgi cisterna. (2)formation (Shima et al., 1998; Storrie et al., 1998) will
cause an imbalance in membrane traffic and may there- Each cisterna progresses through the stack and ulti-
mately fragments into transport vesicles. (3) All residentfore alter the distribution of resident Golgi proteins. In
broader terms, viewing the Golgi as a dynamic structure Golgi proteins are continually recycled via retrograde
vesicles. This vesicular transport drives the maturationraises the question of how membrane flow through this
organelle is regulated. One component of this regulatory of Golgi cisternae.
Each of these hypotheses raises a new set of ques-system in mammalian cells appears to be heterotrimeric
G proteins (Jamora et al., 1997; Stow and Heimann, tions. First, what nucleates the formation of an ERGIC
cluster? Is a cytosolic scaffold involved? How does the1998), suggesting that signal transduction pathways
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cell decide when a given ERGIC cluster has been com- mature into late endosomes and eventually fuse with
lysosomes. Hence, many compartments of the endo-pleted, so that subsequent COPII vesicles will contribute
membrane system seem to be transitory structures thatto forming a new cluster? What determines the number
can only be understood in the context of other inter-of ERGIC clusters that fuse to generate a cisterna? Sec-
acting compartments. So how then do we define theond, is cisternal progression an active process, or do
Golgi? Where does it begin and end? Seen in this light,the cisternae simply diffuse? What signal induces a cis-
the Golgi acquires a curious status: it is more than justterna to undergo terminal maturation at the TGN? Third,
an outgrowth of the ER, yet it is not truly an independenthow do COPI vesicles incorporate all of the diverse pro-
organelle.teins that reside in the Golgi? Are there multiple classes
Is the cisternal maturation model the last word onof COPI vesicles (Orci et al., 1997)? In addition to COPI
Golgi organization? Almost certainly not. There is still novesicles, other vesicles apparently retrieve proteins that
consensus about any feature of this model. For example,cycle between the TGN and later compartments of the
some investigators propose that COPI vesicles mediateendomembrane system (Munro, 1998). How is this TGN
anterograde as well as retrograde transport (Orci et al.,recycling pathway integrated with intra-Golgi recycling?
1997). Even more complicated models emerge from theThese questions, which concern the mechanics of
debate about whether tubular connections between cis-Golgi operation, tend to mask the embarrassing fact
ternae play a role in transport through the stack (Mell-that we still do not understand how the structure of the
man and Simons, 1992; Mironov et al., 1997). In his 1975Golgi relates to its function. For example, why are Golgi
monograph, Whaley wrote, ªNo cellular organelle hascisternae organized into stacks in most cell types, but
been the subject of as many, as long-lasting, or as di-dispersed throughout the cytoplasm in S. cerevisiae?
verse polemics as the Golgi apparatus.º We are happyOne can only speculate that the sites of cisternal assem-
to report that this statement is just as true in 1998.bly are arranged differently in S. cerevisiae than in other
eukaryotes. And why do Golgi cisternae have similar
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